The day after sampling, macroalgae pieces (between 25 and 50 g of plant biomass) were 16 placed into incubation devices (comprising plastic 1 cm mesh cylinders measuring 9 cm 17 in diameter and 15 cm in height) and deployed in the water column at sites increasingly 18 further from the fish cages along a 1 km transect in the main current direction (Fig. 2) . 19 All the plant material introduced in the devices was alive and in good condition. The 20 direction of the currents during the course of our study was established at each site from 21 data provided by environmental studies available in the respective monitoring programs.
22
The incubation devices were hung along vertical rope lines deployed at 0, 25, 50, 100, 23 200, 500 and 1000 meters from the fish cages, being the largest distance considered as a 24 control site representative of a natural, unpolluted condition. Rope lines were attached 25 to a concrete cube weighing 30 kg on the seabed and were maintained in an erect 26 position with a buoy. Along each rope line, three groups of four cylindrical devices (n = 27 4) were hung at two incubation depth (5 m (shallow) and between 15 and 20 m (deep)) 28 to assess the effect of the incubation depth on the spatial variation of the nitrogen 29 isotopic signal measured in plant tissues. Bioassays hanging at ~20m depth were always 30 separated from the bottom by at least 5 m.
31
To evaluate the most adequate incubation time, a group of 4 devices at each depth and 1 each distance (from a total of three groups at each sampling point) was collected at 2, 4 2 and 6 days after the initial deployment (T2, T4 and T6, respectively). The plant material 3 contained in each device was cleaned with deionized water, stored in plastic bags and 4 kept frozen until analysis.
6
Light (PAR Irradiance, µmol quanta m -2 s -1 ) profiles were obtained at each incubation 7 distance (and depth) using a LICOR light sensor. No differences in turbidity (k) or in 8 light availability (% SI) existed between incubation distances. Only differences between 9 incubation depths were apparent (Table 1) . Thus, like other previous studies have 10 demonstrated (Beveridge et al., 1994; Wu et al., 1994; Mantzavrakos et al., 2007) , light 11 availability did not represent an important factor explaining the reported variability of 12 response variables with cage distance. Furthermore, care was taken to avoid the shadow 13 of the cage in the 0 m distance, which was a possible cause of light reduction in this 14 experiment. Macroalgae samples were dried at 60ºC to constant weight for 24 hours, ground using 20 an agate mortar and pestle and preserved in a desiccator at room temperature. From 21 each sample, between 1.8 and 2 mg of dry weight was encapsulated to determine total 22 nitrogen content and the stable isotope ratio (δ 15 N).
23
The isotopic analysis technique was based on the two naturally occurring atomic forms 24 of nitrogen 14 N and 15 N (Mariotti, 1983) . By measuring the ratio of 14 N and 15 N in dried 25 plant tissue, the relative amount of 15 N or δ 15 N in the plant can be determined as the 26 relative difference between the sample and a worldwide standard (atmospheric N 2 ) 27 using the following equation (Peterson and Fry, 1987) : The nitrogen stable isotope ratio (δ 15 N) and total N content (%) were determined using a 30 continuous flow isotope ratio mass spectrometer (Thermo Finnigan Delta Plus IRMS). Newman-Keuls (SNK) test was performed (Zar, 1999) . When variances were 14 homogeneous, results were interpreted at the probability level of 0.01 to reduce the 15 possibility of a Type I error (Underwood, 1997 (Table 3) . As the incubation time increased, differences between bioassays and the 28 reference values increased, the maximum being in the fish cage (0 m) and minimum at With regard to the time of incubation, significant spatial trends were detected only in 1 the macroalgae incubated for four and six days (T4 and T6, respectively) ( Table 3 ). In 2 the Canary Islands a spatial gradient was only detected by S. zonale at T4 (Fig. 3) . In 3 the case of A. taxiformis variations of δ 15 N along the bioassays transect in all times of 4 incubations were not related to the spatial pattern described above, probably due to the 5 deteriorated state of the tissues of this alga at the end of the experimental period 6 (pigment loss, pers. Obs.) ( Fig. 3) . In Catalonia the spatial gradient defined by C. 7 mediterranea was evident at T4, while it appeared later (T6) in Murcia for the two 8 species analyzed (Figs. 4 and 5).
9
On the other hand, macroalgae incubated at 5m depth showed a similar response to 10 those incubated at ~20m depth (Table 3) although the spatial gradient between the fish 11 farm and control sites was more clearly defined in the upper layer of the water column 12 than in the deeper part (e.g. S. zonale, P. oceanica epiphytes and C. mediterranea, Figs.
13
3-5). All the macroalgae species tested, except for A. taxiformis, showed significant 14 spatial trends at 5m depth. At ~20m depth, significant spatial gradients were also found 15 in all macroalgae species, except for S. zonale and P. oceanica epiphytes (Table 3 ).
16
Differences between the fish cage (0 m) and control (1000 m) sites were highest for D. 17 polypodioides (1.9-fold) and lower for the other species (1.1 to 1.5-fold) (Figs. 3-5).
18
Furthermore, mean δ 15 N values in D. polypodioides were highest in comparison with 19 initial samples (i.e. references values), even at the control site, with maximum 20 differences in T6 at the 5m depth ( Fig. 4 ).
22
Total nitrogen (% N) content 23 The mean N content values obtained at T2 (2 days) were similar to the reference values 24 (Figs. 6, 7 and 8 and Table 2 ) and there were no significant differences between transect 25 distances, with two exceptions: P. oceanica epiphytes at the 5m depth and C. 26 mediterranea at both 5m and ~20m depth (Table 4 ). However, in these cases no clear 27 spatial trend associated with fish cages (Figs. 6, 7 and 8 and Table 4 ) was detected. In 28 T4 (four days) differences between transect distances were found, such as in A.
29
taxiformis at the 5m depth and in D. polypodioides and C. mediterranea at ~20m depth.
30
From these cases, D. polypodioides at ~20m depth was the only species to show a M A N U S C R I P T
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perceptible spatial gradation. However, at T6 (6 days) significant differences were 1 found between transect distances in almost every species except S. zonale and P.
2 oceanica epiphytes (at 5m and ~20m depth); D. polypodioides and P. oceanica 3 epiphytes followed significant trends at the 5m depth, while the same was true for C. 4 mediterranea at ~20m depth (Figs. 6, 7 and 8 and Table 4 ). Differences between the 5 fish cage (0 m) and control (1000 m) sites were greater in Murcia than in Catalonia (1.6-6 fold and 1.2-fold, respectively). (ammonia and nitrates) coming from fish farm wastes. Therefore, decreasing δ 15 N 25 signature in incubated macrophytes with increasing distance from the fish cages is 26 likely to reflect the dilution of nutrients from the source. This agrees with the high 27 significant negative correlation that we have found between the isotopic signature and 28 the distance from the fish cage for most of the case studies (Table 3) .
29
The spatial pattern found for δ 15 N was well-defined and significant after four days of 30 incubation (T4) ( Table 3 ). After two days of bioassay deployment (T2), differences in 31 δ 15 N were not significant and did not show any consistent spatial pattern. In contrast, in
T4 (four days) and T6 (six days) well-defined gradients were found. Then, although
incubation depths (unpublished data, pers. obs), which prevented effective diffusion and 1 transport of dissolved nutrients towards the deeper layer, so fish farm wastes are more 2 easily dispersed in the superficial layer, and thus detected more easily by the bioassays 3 at the 5m depth than by the 20m depth.
4
The magnitude of δ 15 N enrichment of macrophyte tissues (in relation to reference, 5 initial and control mean values) appeared higher also at 5m than at ~20m depth at all 6 study sites, except in Murcia for D. polypodioides. In Murcia study, results show that 7 the dispersion of the fish farm effluent at 5m and ~20m depth reached further than the 8 spatial scale measured in this study (1000 m), especially at the shallower depth, since 9 control bioassays had an isotopic signal higher than those found in reference algae. This 10 is consistent with the larger size of the aquaculture facilities selected in Murcia (see 11 methods), where the annual fish production is 9-and 20-fold higher than in the 12 Catalonia and Canary Islands fish farms, respectively.
13
The sensitivity of the bioassay and its spatial variability may be also influenced by other 14 factors such as the nutrient regime characteristics of each coastal area and the presence 15 of nutrient sources that differ from those derived from offshore fish farms (Ye et al., 16 1991; Wu, 1995; Cromey et al., 2002; Vizzini and Mazzola, 2004; Sarà et al., 2006) .
17
These factors varied between the three fish farms studied here, which is probably , 2004) . Despite this, it was much less sensitive to detect fish farm waste than δ 15 N 8 probably due to high dispersion rates in offshore fish farms. In our study, total N 9 content was a poor indicator of nutrient release from fish farms; in only three cases % N 10 content increased towards the cages with respect to the reference and control values (D. 11 polypodioides and P. oceanica epiphytes at 5m depth and C. mediterranea at ~20m 12 depth; Table 4 ). This trend was also reported by Lin and Fong (2008), who reported a 13 much more localized response to nutrient availability in tissue N content than in 14 nitrogen isotope stable ratios in relation to shrimp farm effluents. These authors 15 attributed this response to the fact that nutrient supply was not high enough to induce 16 tissue nitrogen storage (Lin and Fong, 2008), which only occurs when nutrient supply 17 exceeds growth rate (Fong et al., 2004) . In our study, the lack of response in tissue 18 nitrogen content could be explained by the same argument; it is likely that the high 19 hydrodynamic conditions in offshore fish farms dilute the nitrogen rapidly. Moreover, 20 the lack of nitrogen response may also be influenced by other aspects related to species-21 specific physiological traits (Fong et al., 2001 (Fong et al., , 2003 .
22
In summary, our results confirm the potential of δ 15 N in macrophytes (more than the Finally, our results have also highlighted the necessity of an assessment study to 1 determine the appropriate experimental conditions (species of macroalgae, distances 2 from fish farms, incubation depth, etc…) that will ensure the bioassay is successful in 3 indicating the area of the spatial extent of fish farm wastes. The results obtained in this 4 study now make it possible to extensively apply the bioassay to other case studies. A 5 proper spatial replication is able to gather most of the spatial variability caused by 6 currents and other local factors of interest (i.e. more than one site per distance and at 7 least two transects either side of the fish farms). In conclusion, the application of this 8 macroalgal bioassays method has a great potential in determining the spatial scale of the 9 influence of aquaculture wastes on the marine environment, which represents a key 10 aspect for monitoring and management this activity in coastal marine ecosystems .   11   12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43 
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